Aberrant promoter hypermethylation is one of the major mechanisms in carcinogenesis and some critical growth regulatory genes have shown commonality in methylation across solid tumors. Twenty-six genes, 14 identified through methylation in colon and breast cancers, were evaluated using primary lung adenocarcinomas (n 5 175) from current, former and never smokers. Tumor specificity of methylation was validated through comparison of 14 lung cancer cell lines to normal human bronchial epithelial cells derived from bronchoscopy of 20 cancer-free smokers. Twenty-five genes were methylated in 11-81% of primary tumors. Prevalence for methylation of TNFRSF10C, BHLHB5 and BOLL was significantly higher in adenocarcinomas from never smokers than smokers. The relation between methylation of individual genes was examined using pairwise comparisons. A significant association was seen between 138 (42%) of the possible 325 pairwise comparisons. Most notably, methylation of MMP2, BHLHB4 or p16 was significantly associated with methylation of 16-19 other genes, thus predicting for a widespread methylation phenotype. Kaplan-Meier log-rank test and proportional hazard models identified a significant association between methylation of SULF2 (a pro-growth, -angiogenesis and -migration gene) and better patient survival (hazard ratio 5 0.23). These results demonstrate a high degree of commonality for targeted silencing of genes between lung and other solid tumors and suggest that promoter hypermethylation in cancer is a highly co-ordinated event.
Introduction
Genetic and epigenetic inactivation of tumor suppressor genes is probably causal for initiation and progression of human malignancies. Two recently published genome-wide screening assays discovered a large number of previously unknown mutations in breast, colon and lung cancers. Ding et al. (1) screened 623 genes in lung adenocarcinoma and detected .1000 somatic mutations. Prior to that, Sjoblom et al. (2) sequenced .13 000 genes in breast and colon cancers and identified an average of 90 mutant genes per tumor. However, the most prevalent genetic changes identified in these studies still involved mutations of TP53 and KRAS. Most of the mutations discovered in these studies occurred at prevalences ,10%, suggesting that non-genetic abnormalities such as epigenetic alterations could also be responsible for loss of function during cancer development.
Aberrant promoter CpG island hypermethylation of growth regulatory genes is now a well-established alternative to genetic abnormalities. It silences the normal functions of tumor suppressor genes during carcinogenesis and is frequently observed in various human malignancies. In addition, epigenetic abnormalities may also work in harmony with genetic defects to completely inactivate a tumor suppressor gene through Knudson's two-hits, where mutation or loss of heterozygosity and methylation each inactivate one allele (3) . Many of the new genes discovered to occasionally harbor somatic mutations contain a promoter CpG island that is methylated in .50% of breast and colon cancers (4, 5) . These findings suggest that epigenetic aberrations may dominate somatic mutations in driving initiation and progression of cancer and may commonly affect multiple genes across many solid tumors. Critical growth regulatory genes such as p16, RASSF1A, E-cadherin and adenomatosis polyposis coli (APC) are common targets for methylation in many solid tumors including lung, breast and colon.
Lung cancer, the most prevalent and the leading cause of cancer mortality worldwide (6) , displays both genetic and epigenetic changes in various genes and chromosomal locations (1, 7) . We have recently evaluated methylation of candidate tumor suppressor genes located within one of the hot spots for genetic abnormalities in lung cancer, the long arm of chromosome 6 (8) . While differences in prevalence were not observed between adenocarcinomas from smokers and never smokers, methylation of five candidate tumor suppressor genes was commonly seen in tumors.
Recent studies suggest lung cancer in lifelong never smokers, currently responsible for $15 000 deaths annually in the USA, is increasing and may involve some different pathways than in smokers (9, 10) . Some of the unique molecular and biological characteristics of lung cancer in never smokers include a shift in tumor histology to predominantly adenocarcinoma, some distinct genetic and epigenetic abnormalities and a better response to drugs targeting the epidermal growth factor receptor (11) (12) (13) . These findings prompted us to investigate the methylation profile of selected candidate tumor suppressor genes in lung adenocarcinomas from different smoking groups.
The two major goals of the current study were to assess whether genes commonly methylated in other solid tumors are also methylated in lung cancer and to determine if the methylation profiles of these genes could differentiate lung tumors from smokers and never smokers. Twenty-six genes, 14 studied for the first time in lung adenocarcinoma, were evaluated using 175 primary lung adenocarcinomas from current, former and never smokers (4, 5, 14) . The influence of smoking history, age, gender and stage of lung cancer on methylation was evaluated. The relation between methylation of each gene to patient survival and gene-gene associations were also compared.
Materials and methods

Samples
A total of 175 frozen lung adenocarcinomas from current (n 5 37), former (n 5 59) and never (n 5 75) smokers were obtained from frozen tumor banks at Johns Hopkins and the Mayo Clinic. Demographic variables including age, gender and stage of lung cancer have been described previously (8) . Each tumor was classified histologically as adenocarcinoma according to the current World Health Organization criteria and considered suitable for the study based on the presence of .80% tumor cells (15) . Normal human bronchial epithelial cells (NHBEC) isolated from bronchoscopy of cancer-free smokers (n 5 20) were used as controls. Fourteen lung cancer-derived cell lines (H23, H358, H1435, H1568, H1993, H2023, H2085, H2228, H2009, Calu-3, Calu-6, SKLU-1, SKMES1 and H1975) obtained from the American Type Culture Collection (Manassas, VA) and maintained in American Type Culture Collection-recommended media were studied.
DNA methylation analysis DNA extraction and modification were done exactly as described (8) and 40 ng of modified DNA was used per polymerase chain reaction (PCR). Promoter CpG island methylation of 26 candidate genes was studied in NHBEC and lung cancer cell lines using Combined Bisulfite Modification and Restriction Analysis as described (8) . Methylation of NHBEC, lung cancer cell lines and primary adenocarcinomas was evaluated using methylation-specific PCR as described (8) . Combined Bisulfite Modification and Restriction Analysis and methylation-specific PCR primer sequences and amplification conditions for each gene are described in (supplementary Tables S1 and S2 , respectively, are available at Carcinogenesis Online).
5-Aza-deoxycytidine and trichostatin A treatment Lung cancer cell lines were maintained in American Type Culture Collectionrecommended media and cells at log phase of growth were treated in duplicate as follows: Vehicle (0.6 ll ethanol in 10 ml medium), trichostatin A (TSA) [300 nM for 18 h (Sigma, St. Louis, MO; stock solution 5 lM in ethanol)] or 5-aza-deoxycytidine (DAC) [500 nM for 96 h with fresh medium containing the drug changed every 12 h (Sigma; stock solution 10 mM in phosphatebuffered saline)]. Cells treated with Vehicle or TSA underwent fresh media changes in parallel with DAC treatment and TSA treatment was conducted 18 h before all groups were harvested in TRI-reagent (Sigma). Cells in TRI-reagent were stored at À80°C until RNA isolation.
Gene expression analysis RNA was isolated as described (8) . Total RNA (3 lg) was reverse transcribed using the SuperScript TM First-Strand Synthesis System for reverse transcriptionpolymerase chain reaction (RT-PCR) (Invitrogen, Carlsbad, CA) according to the complementary DNA synthesis protocol from InvitrogenÒ. Transcription of selected genes was evaluated using RT-PCR and electrophoresis in 3% agarose gels. To avoid PCR products from contaminating DNA, RNA isolation was done in the presence of DNase, and large introns were included in the RT-PCR amplification product. For Reprimo, which is a single-exon gene, RTnegative PCR was done using complementary DNA synthesized in the absence of SuperScript II. RT-PCR primers and amplification conditions are described in (supplementary Table S3 is available at Carcinogenesis Online).
Chromatin immunoprecipitation assay
Methylation of histone-3 lysine residues was examined using EZ ChiP TM (Upstate Biotech, Charlottesville, VA). Antibodies specific for histone H3, H3 di-methyl K4, H3 di-methyl K9, H3 tri-methyl K27 and RNA polymerase II (Upstate Biotech) were used to capture protein-DNA complexes. Rabbit and mouse IgGs were used for isotype control. Chromatin immunoprecipitation PCR analysis was performed using 2-3 ll of DNA and primers specific for the SFRP1 promoter: sense, 5#-CCAGCTTAGGCAACAAGAGC-3# and antisense, 5#-GGGGAGGAGGAAAGAGCAA-3#. A 198 bp product was PCR amplified at 94°C for 30 s followed by 40 cycles of 94°C for 30 s, 63°C for 30 s, 72°C for 30 s and a final extension at 72°C for 5 min.
Data analysis
Patient characteristics, including age, gender, smoking status, race and gene methylation, are summarized with mean and standard deviation for continuous variables and proportions for categorical variables. Fisher's exact test was used to assess the association between methylation and patient characteristics and the association between pairs of genes. Methylation of genes and patient characteristics were assessed for association with survival. Survival time was calculated from time of diagnosis until death or last follow-up visit. Individual genes and variables were assessed with Kaplan-Meier plots and the log-rank test. Proportional hazards models were used to simultaneously examine multiple genes, while adjusting for patient characteristics. All analyses were conducted using SAS version 9.1.3.
Results
Hypermethylation of multiple genes in lung adenocarcinoma
CpG island hypermethylation of 26 genes involved in various growth regulatory pathways (Table I ) was examined in primary lung adenocarcinomas from current, former and never smokers. The genes were selected from genome-wide screening assays that identified abnormal TUBB4, PCDH10, MMP2,  APC2, GPNMB, ICAM5, JPH3, GNB4, SULF2, AK5, XT3, BHLHB4 and BHLHB5 has not been described in lung adenocarcinoma. Methylation was first assessed in NHBEC from 20 cancer-free smokers and 14 lung tumor-derived cell lines using Combined Bisulfite Modification and Restriction Analysis. Twenty-five genes displayed tumorspecific methylation that was detected in lung cancer cell lines but not in NHBEC (Table II) . GNB4 was methylated in 15% of NHBEC and 8.3% of lung cancer cell lines. In primary lung adenocarcinomas, methylation was detected in 11.4% (CHFR) to 80.6% (SULF2) of tumors. The prevalence for methylation of p16, RASSF1A and MGMT, which are often described in lung cancer, was used as standard for this collection of primary tumors and was similar to other sets of lung cancers (Tables I and II) (12, (16) (17) (18) .
Cigarette smoking and aberrant CpG island methylation
The effect of smoking on promoter methylation was evaluated for each gene. Primary lung adenocarcinomas from never smokers showed significantly higher prevalence for methylation of TNFRSF10C, BHLHB5 and BOLL than smokers (current and former) (Table II) . Methylation of at least one of these three genes was detected in 97.3% (73/75) of tumors from never smokers compared with 78.9% (75/95) in current and former smokers (P , 0.001). Methylation of two of three, or all three, genes was also more common in never smokers than smokers (P 5 0.045, P 5 0.02, respectively). None of the comparisons of this three-gene panel were different between former and current smokers. The remaining genes displayed similar methylation patterns regardless of smoking history.
Significant association between methylation of genes Pairwise comparisons to define the relation between methylation of genes identified significant associations for 138 (42.5%) of the possible 325 comparisons (P , 0.05) (Table III) . Positive agreement, indicating presence or absence of methylation in paired genes, was seen in 136 (98.6%) of these associations (Table III) . The largest number of significant and positive associations were observed for MMP2 (19/25), BHLHB4 (16/25) and p16 (16/25) suggesting that methylation of these genes could be used as indicator of a widespread methylation phenotype in lung cancer. For example, among a panel of 19 genes, adenocarcinomas with methylated MMP2 on average showed 4.7 (3.5-5.9, 95% confidence interval) more methylated genes than those with unmethylated MMP2 (Table IV) . Similarly, two separate 16-gene panels had an average of 4.2 and 3.5 more methylated genes in tumors with methylated BHLHB4 and p16, respectively, than those without methylation of these two genes.
DNA methylation and expression
The effect of methylation and histone modification on transcription was characterized using a subset of genes methylated in .50% of primary tumors. Gene expression in DAC-, TSA-and vehicle-treated cells was compared using semiquantitative RT-PCR. Silencing of the SFRP1 gene in lung cancer cell lines occurred by methylation and histone modification or histone modification alone. SFRP1 was readily expressed in NHBEC, H1568 and Calu-3 cells where its promoter was unmethylated, and DAC-and TSA-treatments had no effect ( Figure 1A ). In contrast, SFRP1 was silenced in H358, SKLU1 and Calu-6 due to dense promoter methylation and treatment with DAC but not TSA restored expression to normal levels. On the other hand, SFRP1 expression in H1435 cells was solely regulated by chromatin remodeling. This gene was silenced despite a completely unmethylated promoter, and suggestive of chromatin remodeling, expression was restored by TSA but not DAC treatment ( Figure 1A) . A marked enrichment in the H3 di-methyl-K9/di-methyl-K4 ratio was seen in SFRP1 promoter of silenced cells (H1435) and TSA treatment leads to a 44.6% reduction of this ratio (supplementary Figure S1 is available at Carcinogenesis Online). Similarly, TSA treatment also induced a 54.5% increase in RNA polymerase II binding to the promoter substantiating chromatin remodeling as the mechanism for silencing of SFRP1 in this cell line (supplementary Figure S1 is available at Carcinogenesis Online). As expected, promoter CpG island methylation was directly involved in silencing or strongly downregulating gene expression. Examples of normal gene expression in NHBEC and lung cancer cell lines with an unmethylated gene promoter as well as gene silencing due to promoter methylation that could be restored primarily with DAC treatment are shown in the supplementary Figure S2 (available at Carcinogenesis Online). However, we have also observed an indirect effect of DNA methylation on gene silencing, which refers to the re-expression by DAC of a gene whose promoter CpG island is not methylated. All BOLL transcripts were silenced in all samples without (all NHBEC, Calu-3, H1435 and H2023) or with (H23, H2228 and Calu-6) methylation in their CpG island ( Figure 1B) . DAC treatment restored the two most common BOLL transcripts (BOLL-1 and BOLL-2) in all samples. TSA treatment restored BOLL-1 only in cells with an unmethylated CpG island, suggesting that expression was regulated by changes in the histone code. In contrast, JPH3 ( Figure 1C) and Reprimo ( Figure 1D ) were expressed even in the presence of complete methylation of their respective promoter CpG islands. JPH3 is silenced in H358 and except for a slight induction after TSA treatment; neither DAC nor TSA could restore its expression.
Promoter methylation, patient survival and stage of lung cancer After adjustment for stage, the effect of methylation on patient survival was evaluated for each gene using Kaplan-Meier log-rank test and proportional hazard models. Both tests identified a significant association between SULF2 methylation and better survival (P 5 0.005)that was more profound in advanced stage patients all of whom had undergone surgical resection (P , 0.001) (Figure 2A and B). The median survival of patients without or with SULF2 methylation was 35.1 and 62.8 months, respectively. The most dramatic effect of SULF2 methylation on survival was observed in advanced stage patients where the median survival was increased to .4-fold from 8.5 months in patients with unmethylated SULF2 to 36.2 months in patients with methylated SULF2, P , 0.001 ( Figure 2B ). The hazard ratio for methylation of SULF2 in all lung cancer cases and advanced stage lung cancer was 0.41 and 0.23, respectively. No significant association was found between methylation of the remaining genes and stage of lung cancer or patient survival.
Discussion
This study reports promoter hypermethylation of 26 candidate genes, 14 for the first time, in primary lung adenocarcinoma from current, former and never smokers. Twenty-five genes were specifically methylated in tumor cells and 16 were methylated in .50% of primary tumors indicating a likely role in tumor development. Nearly half (42.5%) of the 325 pairwise comparisons between methylation of individual genes were significantly associated suggesting a co-ordinated aberrant methylation of multiple genes in lung cancer. While the prevalence for methylation of most genes was similar between different smoking groups, TNFRSF10C, BHLHB5 and BOLL were more frequently methylated in never smokers than current and former smokers. Interestingly, this study also identified a scenario where tumor-specific methylation of a candidate oncogene (SULF2) was associated with prolonged survival of lung cancer patients irrespective of tumor stage. Concomitant methylation of multiple growth regulatory genes is increasingly associated with human malignancies (4, 5) . Solid tumors show some degree of commonality in hypermethylation of genes such as p16, GATA4, GATA5, E-cadherin and PAX5. The genes methylated in this study are also methylated in colon and breast cancers and may represent common targets for silencing in epithelial tumors. The similarity of methylation prevalences between early and advanced stage tumors suggests that the aberrant gene methylation is probably established relatively early in lung carcinogenesis, making these genes candidate biomarkers for early detection. Our group has shown that methylation of specific genes detected in sputum samples from smokers could predict lung cancer up to 18 months prior to clinical diagnosis (31) . Inclusion of these newly identified genes as biomarkers could greatly improve the sensitivity, specificity and predictive power of this developing screening assay.
Aberrant methylation of multiple growth regulatory genes is a hallmark of cancer. This study identified a strong association between methylated genes indicating a co-ordinated methylation defect. Overexpression of cytosine DNA methyltransferases in association with aberrant methylation of multiple genes in lung cancer has been Reprimo  TNFRSF10C  TNFRSF10D   CHFR  BOLL  TSLC1  TUBB4  PCDH10  MMP2  GPNMB  ICAM5  JPH3  SFRP2  SFRP1  APC2  GNB4  SULF2  IGFBP3  DAB2IP   AK5  XT3  BHLHB5  BHLHB4   p16  b  a  a  a  a  a  b  a  b  a  b  a  a  b  a Concomitant methylation of multiple genes in lung cancer Genes included in panel were significantly (P , 0.05) and positively associated with MMP2, BHLHB4 or p16. documented and could be responsible for the concomitant methylation (32) . Although what targets cytosine DNA methyltransferases to specific genes is not clear, DNA damage due to chronic exposure to tobacco and other environmental carcinogens could be one possible cause. Lung adenocarcinomas harbor extensive genetic damage (1) that could serve as loci for DNMT1 recruitment and de novo methylation (33) . We have recently demonstrated an association between tobacco carcinogen-induced DNA damage and repair with methylation in vitro and in sputum from heavy smokers (32, 34) . The fact that de novo methylation can also occur in successfully repaired sites (35) could account in part, for the higher prevalence for methylation than mutation. Although cigarette smoking is the overwhelming risk factor for lung cancer development, an increasing number of never smokers also develop the disease (36) . Distinct genetic and epigenetic abnormalities as well as differential response to therapy between smoker and never smoker lung cancer patients led some investigators to hypothesize the two might represent different diseases (9) . Although the prevalence for methylation of TNFRSF10C, BHLHB5 and BOLL in primary lung adenocarcinomas from never smokers was significantly higher than smokers, its specificity to discriminate the two populations was low. Moreover, at least with regard to candidate genes, few have shown significant difference in prevalence in tumors from smokers and never smokers, suggesting commonality for deregulation of the epigenome (8, 12, 16, 18) .
Hypermethylation of promoter CpG islands often silences gene expression. For many genes, the cause and effect relation between methylation and gene silencing has been established by restoring gene expression using demethylating drugs (37) . However, this study identified a different mode of regulation for JPH3, Reprimo and BOLL. JPH3 and Reprimo were expressed regardless of densely methylated promoter CpG islands suggesting promoter activity outside the respective CpG islands. No CpG island other than those analyzed was found within 50 kb upstream of the respective transcriptional start sites. In contrast, expression of BOLL was indirectly regulated by methylation. BOLL is a highly conserved meiotic G 2 /M transition gene (38) . In humans, it is exclusively expressed in the testis and non-genetic silencing (no mutation or polymorphism) of BOLL leads to male infertility (38) (39) (40) . Although BOLL was silenced in all NHBEC and lung cancer cell lines regardless of methylation, DAC treatment restored expression in all cell lines. This suggests that expression might be regulated via binding of a transcription factor, expression of which is also regulated by promoter methylation. This scenario is seen with the PAX5beta gene that encodes for the transcriptional factor B-cell-specific-activating protein and that in turn regulates CD19, a gene shown to negatively control cell growth (41) . A strong association was seen between methylation of PAX5b promoter and loss of expression of CD19. Alternatively, expression of BOLL might be regulated by a regional epigenetic suppression. In colorectal cancer, a co-ordinated epigenetic silencing of multiple genes regardless of individual promoter methylation was identified within an entire 4 Mb band of chromosome 2q14. 2 (42) . BOLL is located at 2q33 and might be under similar transcriptional regulation.
Methylation of SULF2 in lung adenocarcinomas showed a significant inverse relationship with survival. SULF2 is a heparin sulfate 6-Oendosulfatase enzyme that promotes the release of growth and angiogenic factors such as fibroblast growth factor-I, fibroblast growth factor-2, vascular endothelial growth factor and stromal cell-derived growth factor-I from heparin (43, 44) . SULF2 is over expressed in human breast cancer (45) . In hepatocellular carcinoma, its expression increases with disease progression and patients with higher SULF2 expression have lower survival and a more rapid rate of tumor recurrence after surgery (43) . Inactivation of SULF2 using short hairpin RNA also reduces cell proliferation and migration (43) . Similarly, our data indicate that inactivation of SULF2 via CpG island hypermethylation-as shown for the first time in any tumor type-may predict for longer survival of lung cancer patients and thus could be a promising prognostic marker.
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